A gauge-independent approach to resonant transition amplitudes with nonconserved external currents is presented, which is implemented by the pinch technique. The analytic expressions derived with this method are U(1) em invariant, independent of the choice of the gauge-fixing parameter, and satisfy a number of required theoretical properties, including unitarity. Although special attention is paid to resonant scatterings involving the γW W and ZW W vertices in the minimal Standard Model, our approach can be extended to the top quark or other unstable particles appearing in renormalizable models of new physics.
For example, a heavy Higgs boson in the SM or new gauge bosons, such as e.g. Z ′ , W ′ , Z R , etc., predicted in models beyond the SM, can have widths predominantly originating from bosonic channels. In this way, it becomes even more obvious that prescriptions based on resumming only fermionic contributions as g.i. subsets of graphs, are insufficient.
(iii) The use of an expansion of the resonant matrix element in terms of a constant complex pole produces unavoidably space-like threshold terms to all orders, while non-resonant corrections remove such terms only up to a given order. These space-like terms, which explicitly violate unitarity, manifest themselves when the c.m.s. energy of the process does not coincide with the position of the resonant pole. On the contrary, the PT circumvents these difficulties by giving rise to an energy-dependent complex-pole regulator. For instance, possible unphysical absorptive parts originating from channels below their production threshold have already been eliminated by the corresponding kinematic θ functions.
(iv) Lastly, the amplitude obtained from our approach exhibits a good high-energy unitarity behaviour, as the c.m.s. energy s → ∞. In fact, far away from the resonance, the resonant amplitude tends to the usual PT amplitude, thus displaying the correct high-energy unitarity limit of the entire tree-level process.
We will now study some characteristic examples. Within the PT framework, the transition amplitude T (s, t, m i ) of a 2 → 2 process, such as e −ν e → µ −ν µ with massive external charged leptons, can be decomposed as
where the piece T 1 contains three individually g. 
µ and Λ (2) ].
Most importantly, in addition to being g.i., the PT self-energies and vertices satisfy the following tree-like Ward identities:
These Ward identities are a direct consequence of the requirement that T 1 and T 2 are fully ξ independent [3] . If we assume that the PT decomposition in Eq. (1) holds to any order in perturbation theory (the validity of this assumption will be discussed extensively in Ref. [4] ), and sum up contributions from all orders, we obtain for T 1 (suppressing contraction of Lorentz indices)
where
, and
In Eq. (4), we have decomposed Π
Next we apply our formalism to the process γe
µ ν e , in which two W gauge bosons are involved. This process is of potential interest at the LEP2. We concentrate on the part of the amplitude ( T 1µ ) involving the γW W vertex, as given in Fig. 1 . As discussed above, the PT method reorders the Feynman graphs into manifestly g.i. subsets.
Resumming the PT self-energies one obtains the following resonant transition amplitude:
where S (f ) is the free f -fermion propagator and Γ γ 0µ is the tree γf f coupling. In Eq. (5), contraction over all Lorentz indices except of the photonic one is implied. Since the action of the photonic momentum (q) on the tree-level and one-loop PT γW W vertices gives:
the U(1) em gauge invariance of this resonant process is restored, i.e. q µ T 1µ = 0. To any loop order, U(1) em and R ξ invariance are warranted by virtue of the tree-type Ward identities that the PT vertex γW W satisfy (all momenta flow into the vertex, i.e., q + p − + p + = 0):
Of particular interest in testing electroweak theory at TEVATRON is the process 
where Γ Z 0 stands for the tree Zf f coupling. The PT Ward identities maintaining the gauge invariance of this process have been derived in [5] .
We continue with some important technical remarks. We first focus on issues of resummation, and argue that the g.i. PT self-energy may be resummed, exactly as one carries out the Dyson summation of the conventional self-energy. The crucial point is that, even though contributions from vertices and boxes are instrumental for the definition of the PT self-energies, their resummation does not require a corresponding resummation of vertex or box parts. In order to construct g.i. chains of self-energy bubbles, one can borrow pinch contributions from existing graphs, which are however not sufficient to convert each Π µν in the chain into the corresponding Π µν . If we add the missing pieces by hand, and subsequently subtract them, we notice that: (i) The regular string has been converted into a g.i. string, with Π µν → Π µν , and (ii) The left-overs, due to the characteristic presence of the inverse bare propagator, (U µν ) −1 , are effectively one-particle irreducible. In fact, the left-over terms have the same structure as the one-particle irreducible self-energy graphs, and together with the genuine vertex (V P ) and box pinch contributions (B P ) will convert the conventional self-energy into the g.i. PT self-energy. This procedure is generalizable to an arbitrary order. So, the transverse propagator-like pinch contributions in the Feynman gauge, to a given order n in perturbation theory, have the general form
where R P n are the residual pieces of order n. For n = 2, for example, it is easy to check that the string (
), together with existing pinch pieces from graphs containing vertices, needs an additional amount −R P 2 , given by
in order to be converted into the g.i. string (
). However, R P 2 will be absorbed by the one-particle irreducible two-loop self-energy shown in Fig. 3 . In general, the R P n terms consist of products of lower order conventional self-energies Π k (q 2 ), and lower order pinch contributions V 
where the subscripts 1 and 2 denote loop order, and
It is not difficult to show that Π
Eq. (10), and neglecting terms of O(g 6 ) or higher, we find
calculations (see Ref. [4] ) show that, indeed, our g.i. procedure does not introduce any fixed unphysical poles. Here we offer only a qualitative argument in that vein, namely that the PT results may be obtained equally well if one works directly in the unitary gauge, where only physical Landau poles are present.
Although our discussion has been restricted to the W and Z gauge bosons, our considerations are also valid for the heavy top quark, and will provide a self-consistent framework for investigating the CP properties of the t quark at LHC. Moreover, our analytic g.i.
approach can be straightforwardly extended to analyze possible new-physics phenomena induced by non-SM gauge bosons, such as the bosons W R , Z ′ , etc., predicted in SO(10) or E 6 unified models [6] . Since our analytic method treats bosonic and fermionic contributions equally, it can provide a consistent framework for the study of the resonant dynamics of a heavy Higgs boson and of a strong Higgs sector at the LHC. Figure 3 
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